(1) The foraging activities of wintering tufted ducks (Aythya fuligula) feeding on freshwater mussels (Dreissena polymorpha) were studied in order to determine whether or not prey-size selection occurred. Eight experiments with captive birds were performed to calculate the profitability of the different sizes of the mussels and to ascertain the most preferred size classes by the ducks under controlled conditions. In two field experiments the influence of prey density and diving depth upon prey-size selection by wild birds was investigated.
INTRODUCTION
Natural selection favours individuals with a high fitness, which may partly be achieved by maximizing the net energy gain while foraging. This idea forms the basis of the 'optimal foraging theory', which began with Emlen (1966) and MacArthur & Pianka (1966) , and developed rapidly during the last decade. Reviews of theory and tests are given by Pyke, Pulliam & Charnov (1977) and Krebs (1978) , who conclude that most tests have largely supported the models.
One series of decisions which animals must make in order to maximize the energy gained while foraging concerns the choice of diet. Most animals are assumed to be able to 0021-8790/82/1000-0943$02.00 ? 1982 British Ecological Society Prey size selection of tufted ducks distinguish between prey types of different profitability and to select the most profitable ones in terms of energetic gain per unit handling time and searching time. An optimal diet will start with food types highest in rank and extend to less high ranking food types when preferred prey become scarce (Charnov 1976) .
As different-sized prey may have different profitabilities, prey-size selection may contribute to an optimal diet. We tested this for wintering tufted ducks (Aythyafuligula L.) feeding on freshwater mussels (Dreissena polymorpha Pall.).
Tufted ducks mainly feed on molluscs (Olney 1963 ; Bauer & Glutz von Blotzheim 1969). When freshwater mussels are present the ducks feed almost exclusively on them (Olney 1963; Burca & Lubini-Ferlin 1976; Pedroli 1981 ) thereby excluding complications related to different quality of different prey species. Freshwater mussels are usually very abundant where they live and are not mobile or cryptic, which largely excludes problems related to different availability of mussels of different sizes. Mussel sizes range from a few mm up to 5 cm. The mussels are always attached to each other in clumps of twenty to about 160 individuals. Tufted ducks are partly day-active in the situations we studied and are easy to observe.
Ten experiments were performed to test for size selection, both with birds in captivity and in the field. Experiment 1 was set up to calculate profitability of mussels of different size classes. Experiments 2-7 were designed to test the size preference of captive ducks by offering them a number of mussels of different size classes in different proportions and situations. The effect of being attached to a substrate was investigated in experiment 8. Experiments 9 and 10 were field experiments in which the influence of prey density and diving depth on selectivity by wild ducks was studied.
MATERIALS AND METHODS

Experiments with birds in captivity
The eight experiments in captivity were performed with a pair of first-year ducks, that had been reared from eggs collected in the field at the beginning of the breeding season. Bill length of the birds was 4.1 cm for the male and 4 cm for the female, and their weight respectively 815 g and 670 g. These measurements are below the mean expected from data in the literature (Bauer & Glutz von Blotzheim 1969; Guntert 1978) .
Experiments were conducted from 19 September to 30 October 1980. The birds were housed in an outdoor fowl-run of 8 x 3 m, which was separated into two parts by a ditch 3 m long, 0 8 m wide and 0 5 m deep. The water was muddy and completely opaque.
The mussels used in the tests were collected on the Plas Leblanc (see below) on 16 and 23 September at depths up to 1 m. Mussels were offered to the ducks by placing them either on the stony border within 30 cm of the ditch, or in a ceramic cup 30 cm long, 17 cm wide and 3 cm high, submerged in the ditch. The mussels were always separated into ten size classes by shell length (cm): (1) <0.5; (2) 0.5-0-75; (3) 0.75-1.0; (4) 1.0-1.25; (5) 1.25-1.5; (6) 1.5-1-75; (7) 1.75-2.0; (8) 2.0-2.25; (9) 2.25-2.5; (10) >2.5.
Both birds were tested separately. They were observed from a distance of at least 5 m with the naked eye and timed with an electronic digital stopwatch accurate to 0.01 s. The birds had been fed on cereals but were trained to feed on ad libitum mussels for one week prior to the tests. The ducks accepted this new food almost immediately. Between experiments the birds always left the water, but returned immediately when we left the run. To prevent satiation of the birds none of the feeding sessions lasted for longer than 2 h.
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Experiment I: profitability of mussels of different sizes
The profitability of the different size classes of the mussels was calculated as the caloric yield per unit handling time.
The shell length of each size class was determined as the mean of the two extremes of each class. Dry flesh weights of mussels (W, mg) were predicted from their shell lengths (L, mm) by the equation W = 0.011 L"798 (N. Walz in litt.) for mussels at the end of the growing season, when our experiments were done. The caloric value of mussel flesh may vary according to environmental factors, such as water quality and density of the mussels (Stanczykowska & Lawacz 1976) . We have used the mean of the values cited by these authors (4500 cal g-1 dry weight) to calculate the amount of calories in mussels of different sizes.
The handling time (s) for each size class was determined by offering both the male and the female duck at least fifty mussels of one size class from the edge of the water. Each of the ten size classes was tested separately. We measured the total time for taking a mussel until the moment it was swallowed entirely. At least thirty data were collected for each bird and each size class.
Experiment 2: choice between all size classes of mussels presented in equalproportion Each bird was offered 100 mussels, ten of each size class. The mussels were spaced out randomly on the stony border of the ditch in an area of 50 x 20 cm. After twenty food items had been eaten, the birds were chased away and the remaining mussels collected and measured. The experiment was triplicated for each bird. Experiment 3: choice between all size classes of mussels presented underwater in equal proportion We placed 100 mussels, again ten of each size class, in the cup described previously, and submerged it in the ditch. The ducks were watched and their dives counted. After twenty dives we removed the cup from the water and collected and measured the remaining mussels. Again each bird did three tests. Experiment 4: choice between all size classes of mussels presented in naturalproportion The ducks were offered 100 mussels in natural proportions as determined from collections in the field. Details of this experiment are similar to those described in experiment 2.
Experiment 5: choice between all size classes of mussels presented underwater in natural proportion Apart from the mussels being presented in natural proportions, the experimental set-up and method of collecting data were the same as described for experiment 3. Experiment 6: choice between two size classes of mussels presented in equalproportion In this experiment the birds could only choose between two size classes. The birds were offered twenty mussels, ten of each of the size classes tested. The mussels were spaced out randomly on the stony border of the ditch in an area of 20 x 20 cm. After completion of ten feeding trials the birds were chased away. The remaining mussels were collected and measured. The experiment was triplicated for each pair of mussel sizes.
Prey size selection of tufted ducks
Experiment 7: choice between two size classes of mussels presented underwater in equal proportions Twenty mussels, ten of each size class tested, were placed in the cup, which was submerged in the ditch. Ten dives were counted before removing the cup and collecting the remaining mussels. Each bird again did three tests for each pair of mussel sizes.
Experiment 8: influence of substrate on handling times
To test for possible influences of substrate attachment on handling times we used a large corrugated sheet of metal, found in the Plas Leblanc (see below) with a large number of mussels already attached. We separated the sheet of 89 cm length into ten equal parts and removed from each part all mussels except those of a particular size class. By covering certain parts of the sheet we could offer the bird one size class of mussels at a time. We measured the total handling time for mussels of one size class from the moment of touching till the moment of swallowing, thus including removal from a substrate. Removal of mussels from the substrate was so rapid that direct measurements of its duration proved to be very difficult. Mussels larger than 2 cm were not present on the sheet, so no data for the largest size classes could be collected. From 27 to 29 October 1980 we collected by scuba-diving as many mussel clumps as was possible from an area in which most feeding birds tended to concentrate. When the area was denuded of as many clumps as was possible, we placed the clumps back on the bottom, randomly distributed in circles of 5 m radius as measured with an iron bar. At the middle of each circle we placed a stone to which a marker float was attached. Each float was marked with a number that could be read from the edge of the water.
Experiments in thefield
In the course of the winter several observations of diving tufted ducks were made from the edge of the water, using the naked eye, binoculars (Viking 10 x 50) and telescope (Kowa 20 x 60) at distances between about 25 and 150 m. Between six and 134 birds were present at a time. Diving and resting times of both male and female ducks in daylight were measured with an electron digital stopwatch when the birds dived within about 5 m of a certain float, which was not always easy to assure. Dubious measurements were omitted.
On 29 December 1980 and 2 March 1981 we sampled, by scuba-diving, twenty clumps of mussels from each circle. These samples were analysed for size distribution of individuals and compared with a sample taken in October 1980 at the beginning of the experiments. At the smallest densities (less than 200 clumps per circle) the sampled clumps were replaced by new ones, in the other circles they were not. The results were subjected to an analysis of frequencies (test of independence G in a three way table) and presented as percentages, which reflect much better the differences between the observed and expected values.
Experiment 9: prey size selection in relation to prey density Ten areas (circles of 5 m radius) with different mussel densities were delimited at depths varying between 3.4 and 3.7 m. The prey content of each area is shown in circle will be referred to by its code number. The float of the sixth circle disappeared in the course of the experiment, so only a few data are available here. The analysis of frequencies was performed with mussel density, size composition of mussels and predation of ducks as variables.
Experiment 10:prey size selection in relation to diving depth
We delimited five areas (circles of 5 m radius) with equal mussel densitity (500 clumps), but at depths ranging from 2 to 6 m, measured with a depth gauge. Variables used in the analysis of frequencies were depth, size composition of mussels and predation by the ducks.
RESULTS
Experiments in captivity
Experiment I :profitability of mussels of different sizes Handling time increased with increasing mussel size (Fig. la) . The handling time of the male bird increases rapidly from the eighth size class on and for the female bird from the fifth size class on. Profitability is a non-linear function of handling time (Fig. lb) , peaking at the eighth size class for the male duck and at the fifth size class for the female. The variance of profitability increased markedly for mussel size classes above the peaks.
The male did not swallow any mussels larger than 2.5 cm, the female no mussels larger than 2.25 cm, which provided estimates of the upper size that could be eaten by both birds. The mussels of the two smallest size classes were largely ignored by the ducks. The larger mussels were always taken individually, but in the smallest size classes usually more mussels were taken at once, which complicated the calculation of handling time. We solved this problem by counting the number of mussels that disappeared during one feeding bout in which only a limited number of mussels were offered, and calculated the handling time by dividing the duration of the handling procedure by the number of mussels that had disappeared. It seemed that of the first, second and third size classes, respectively, about six, four and two mussels were swallowed at once. Experiment 2: choice between all size classes of mussels presented in equal proportion When offered ten mussels of each of the ten size classes, the male seemed to prefer mussels of the sixth and seventh size class (mean: 6.696 + 1.275), but the female took significantly more smaller mussels (4-9 + 1.23; P < 0.001, t-test) and preferred mussels of the fourth, fifth and sixth size class ( Table 2 ). The male took some mussels of every size class from the fourth on, the female took mussels of all size classes between the third and eighth. Other size classes were ignored.
Experiment 3: choice between all size classes of mussels presented underwater in equal proportion In this experiment the use of visual clues to select prey was excluded by offering the mussels submerged in the opaque water of the ditch. The male preferred mussels of the fourth and fifth size class (mean: 4.99 + 2.089), but also took larger numbers of mussels of the third, sixth, seventh and eighth size class ( Table 2 ). The female preferred significantly more smaller mussels (4-34 + 1.546; P < 0.01, t-test), although she also took most mussels of the fourth and fifth size class, and less of the third and sixth size class. The male swallowed mussels of all size classes, except the largest one, the female of all size classes except the two largest ones. It seems that the birds were a little less selective than in the previous experiment, and that they selected for significantly smaller mussels (male: P < 0.001; female: P < 0.01, t-test).
The results, however, could have been influenced by a possible mechanical loss of the smallest mussels in the experiment. Because very small mussels were difficult to handle, their disappearance did not prove that they were actually eaten by the ducks. They probably were lost as we placed the cup underwater and removed the mussels remaining after a feeding trial. In ten controls we placed a cup with ten mussels of each size class underwater and removed it immediately without allowing the ducks to feed on them. In seven of these controls we lost a number of mussels of the two smallest size classes, ranging from one to twelve. The ducks also seemed to take more mussels in some dives, so during twenty dives usually more than twenty mussels were eaten. Size classes of mussels in equal proportion Mussels presented from the border of the ditch Number of mussels offered Prey size selection of tufted ducks Experiment 4: choice between all size classes of mussels presented in natural proportion When the male duck was facing 100 mussels of all size classes in natural proportion, he preferred the seventh size class (mean 6.96 + 1.27), but also took many of the sixth and eighth (Table 2 ). The bird ate mussels of every size class between the fourth and the ninth. The female again took significantly more smaller mussels (5-48 + 1.33; P < 0.001, t-test) and preferred the fifth size class, but also swallowed many of the fourth and the sixth. She took mussels from every size class between the third and the eighth. In comparison with experiment 2 the female selected significantly larger mussels (P < 0.02, t-test), but the male did not (P > 0.05).
Male
Experiment 5: choice between all size classes of mussels presented underwater in natural proportion
The male took most mussels of the fifth and sixth size class (mean: 5.637 + 1.885), and also of the seventh and eighth class ( Table 2 ). The female again ate significantly more smaller mussels (4-79 + 1.563; P < 0.001, t-test), and preferred mussels of the fourth and fifth size class. In comparison with experiment 3 both birds took more larger mussels (male: P < 0.01; female: P < 0.05, t-test). The same difficulties of interpretation, as mentioned in the latter experiment, apply. In comparison with experiment 4, on the other hand, the birds took significantly more smaller mussels (male: P < 0.02; female: P < 0.01, t-test) and were less selective.
Experiment 6: choice between two size classes of mussels presented in equal proportion
Generally the male seemed to prefer mussels of the sixth and seventh size class, the female mussels of the fourth and fifth size class (Table 3) . These results are largely consistent with those of the previous choice experiments. The data of this experiment also show that the larger the difference between the two size classes offered, the more the birds will select for one of them. In the case of clear differences between size classes the birds will first of all select for the preferred size classes and will then extend to others. The male TABLE 3. Results of choice experiments with two size classes of mussels; values are proportions of number of mussels eaten from the size class at the left of the table and number of mussels eaten from the size class at the top of the table (mean of  three results for mussels presented from the border of the ditch, the lower value the results for mussels presented submerged in the ditch. seemed to extend towards larger size classes, the female more toward smaller classes. When there were only small differences between the sizes offered (adjacent size classes), the birds usually did not show any clear preference, suggesting that they were not able to distinguish completely between the quality of the prey types they encountered. Experiment 7: choice between two size classes of mussels presented underwater in equal proportion
The results (Table 3) confirm those of all previous choice experiments. The birds took on the average smaller size classes than they did when using visual clues to select their prey. The general properties of selection, however, remain the same as described in experiment 6; apart from the behaviour of the male duck in extending towards smaller size classes, when the preferred classes were not present, instead of taking larger ones as in experiment 6.
Experiment 8: influence of substrate on handling times
Handling times including removal from a substrate clearly increase with size classes (Table 4) . None of these results, however, was significantly different from those of experiment 1 (cf. Fig. la) concerning handling times without substrate effects (P > 0.05, t-test). This suggests that the time necessary to remove a mussel from a solid substrate is very short and almost never exceeds 1 s. Only the smallest mussels, which were usually ignored, could not be removed, probably due to their scanty dimensions in relation to the bill size of the ducks. The attachment to a substrate does not significantly alter the availability of the mussels, and does not seem to change the relative profitability of the different size classes to the ducks.
Experiments in the field
Experiment 9: prey size selection in relation to prey density There was a highly significant interaction between prey density, prey-size composition and predation by the ducks (G = 330-59, d.f. = 126, P < 0.001). The mechanisms of this interaction will be analysed by excluding one variable and comparing the two others. Each of the three possible combinations will be discussed.
Predation by the ducks caused a decrease in number of mussels in all experimental areas, except in the two circles with the lowest prey densities, where almost no mussels disappeared. Predation was most intense in the areas with the highest prey densities. The increase of predation rate with increasing mussel density was highly significant (G 288-12, d.f. = 14, P < 0.001).
Predation not only decreased the number of mussels in the course of the winter, but also significantly changed the size composition of the mussel population (G = 105.71, d.f. = 18, P < 0.001). The clearest phenomena recorded are a decrease of the relative abundance of the fifth and sixth size class and an increase of the relative abundance of the largest size classes (Table 5) . Also the abundance of the two smallest size classes diminished. Tufted ducks thus prove to be size-selective when feeding on mussels. Changes in size composition of the mussel population were significantly different at different densities (Table 6 ) (G = 313-75, d.f. = 63, P < 0.001). At the two highest prey densities the ducks mainly took mussels of the fourth, fifth and sixth size class (G = 21.9, d.f. = 9, P < 0.01), while the largest size classes were neglected. The seventh size class, however, was only neglected at the highest prey density. At the lower prey densities selection was less pronounced, but a significant proportion of the largest mussels was taken (G = 46.47, d.f. = 9, P < 0.001). The smallest size classes show rather random changes, which support the supposition of a passive intake, as they are attached to larger mussels and could be swallowed together with them. All these data indicate that increasing prey density causes an increasing prey-size selectivity and, more specifically, a transition towards preference of lower size classes at higher densities. Diving times of ducks recorded in the course of the winter show that the mean diving time declined rapidly as prey density increased up to the value in area 6, but increased slightly at high prey densities (Fig. 2) . The latter phenomenon could be explained by an increased selectivity at these densities, as discussed earlier, since ducks might spend more time at the bottom selecting prey. Differences between males and females were not significant.
Experiment 10: prey size selection in relation to diving depth
In contrast to experiment 9 there was no significant interaction between the three variables studied in this experiment (G = 72-29, d.f. = 72, P > 0.05). We will try, however, to compare the data on diving depth, changes in size composition of mussels and predation in the same way as we analysed the data of experiment 9.
The mussel density decreased as a consequence of duck predation at all five depths tested. Predation, however, was significantly higher at the shallowest depths (G = 32-36, d.f. = 8, P < 0.001). The results from adjacent depths were not significantly different from Predation caused a significant change in size composition of the mussel population (G 106-57, d.f. = 18, P < 0.001), similar but more pronounced than that observed in experiment 9 (Table 7) .
There also existed significant differences in the change of size composition of the mussel population at the five depths tested (G = 63-68, d.f. = 36, P < 0.001). The data indicate a certain preference for the middle-sized classes at 2 and 3 m, while at the three other depths no such preference could be deduced (Table 8) . Distinct trends, however, could not be pointed out, probably due to the relatively low prey density used in the experiment. Results from adjacent depths were not significantly different from each other, but the results of the two shallowest depths differed from the others (G = 30-65, d.f. = 9, P < 0.005). This corresponds with the observed higher predation rate at 2 and 3 m.
The mean diving times of the ducks in the different areas increased up to 4 m, after which there was little change (Fig. 3 ). There were no significant differences between males and females. In comparison with the other data discussed here, one could suggest a negative correlation between predation rate and diving time to explain the changes in diving times recorded in this experiment. This, however, remains speculative. 
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DISCUSSION
The results of our experiments show that tufted ducks were indeed prey-size selective, but that in all cases studied mussels somewhat smaller than the most profitable ones were preferred. The observed preferred size classes, however, correlate strongly with sizes of mussels found in stomach analyses (Olney 1963; Burca & Lubini-Ferlin 1976; Pedroli 1981) . A mechanism that could account for the discrepancy between the preferred and most profitable size classes is suggested by the observations that selectivity increased at high prey density and that smaller size classes were preferred. At increasing prey density, when the time necessary for both descent and ascent is assumed to be constant for ducks feeding at the same depth, the time necessary for searching at the bottom will decrease and more time will be left for feeding. At high prey densities the ducks probably will have enough time left to select for their prey. The time left for searching and feeding at the bottom of the Plas Leblanc has been estimated at 9.31 s (Draulans & De Bont 1980) . With this value we can calculate that at high prey densities, when almost no time is required to search for the mussels, tufted ducks will do better by selecting smaller prey, because during one dive two mussels of, e.g. the sixth size class could be swallowed instead of one larger mussel. This greatly improves the energetic gain. Two mussels of the sixth size class yield about 400 calories and one mussel of the eighth size class only 275 calories. Swallowing two mussels of the sixth size class can be done within 9.31 s, as the handling time for one mussel, excluding removal from substrate and the process of selection, is about 2.5 s (cf. Fig. 1 ). Two mussels of the eighth size class on the other hand cannot be swallowed in one dive, the handling time for one mussel being about 5 s. This could explain the transition towards preference of smaller size classes at higher prey densities in the field. This hypothesis, however, does not explain the data obtained in the experiments with captive birds. It might be possible that the ducks would do better by selecting smaller mussels to avoid the risk of taking mussels that are too large to be swallowed, which could have important energetic consequences, especially in the case of the tufted duck, where sometimes intensive diving is required to obtain food (probability of prey misidentification; Elner & Hughes 1978). Evidence for this suggestion is obtained from the observations that the ducks did not seem able to distinguish completely between the prey sizes encountered, and that the ducks shifted to smaller size classes when they had to dive for their food and use tactile clues in selection, the risk and consequences of taking a large mussel being higher in this situation. Additional evidence is also suggested by a comparison of a few studies on prey-size selection. It seems that in situations where the most profitable prey size is not the largest one (e.g. Elner & Hughes 1978; Griffith & Seiderer 1980; this study), the animals select sub-optimal prey sizes. In studies where the largest prey available were also the most profitable ones (e.g. Goss-Custard 1977; Sutherland 1982), the animals selected for these most profitable prey sizes. This idea is not supported by all field data as in some situations larger mussels are also taken. A comparable suggestion is that, because of the highly variable profitabilities of larger mussels, it might pay the ducks to select smaller mussels associated with less variance, so reducing the risk of taking mussels with low profitability.
In conclusion, at least three mechanisms can be proposed to account for the data, but the latter do not allow the hypotheses to be ranked according to their plausibility. Clearly more experiments are required to investigate the causes of selection.
